Cu
2þ -treatment is a useful technique in selectively permeabilizing the fungal plasma membrane. We describe herein a practical application with Schizosaccharomyces pombe. Incubation of cells with 0.5 mM CuCl 2 at 30 C for 20 min induced efficient leakage of cytosolic constituents. The kinetic characteristics of the calcium and amino acid flux from Cu 2þ -treated S. pombe cells suggested that the Cu 2þ treatment permeabilized the plasma membrane without loss of vacuolar function. As a further application of the method, the amino acid contents of Cu 2þ -treated and untreated cells were also determined. The amino acid pool of Cu 2þ -treated wild-type cells was enriched in basic amino acids but not in acidic amino acids, as is characteristic of the vacuolar amino acid pool of fungi, including Saccharomyces cerevisiae and Neurosporra crassa. The amino acid pool of the S. pombe V-ATPase mutant vma1Á was also successfully determined. We conclude that the vacuolar amino acid pool of S. pombe can be measured using Cu 2þ -treated cells. The method is simple, inexpensive, and rapid relative to the isolation of vacuolar vesicles, making it useful in estimating vacuolar pools and transport across the vacuolar membrane.
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The vacuole of yeasts is an acidic compartment equivalent to the mammalian lysosome and the plant vacuole. It has important functions in protein turnover, nutrient recycling, osmoregulation, ion homeostasis, storage of amino acids and inorganic phosphate, and the detoxification of xenobiotics. 1) Biochemical analysis is required to determine vacuolar functions. The isolation of intact vacuoles is important in determining vacuolar constituents and assaying transport across the vacuolar membrane. Methods of isolating the intact organelle are well established in Saccharomyces cerevisiae, 2, 3) based on the following sequential steps: enzymatic digestion of the cell wall, mechanical homogenization, and membrane floatation by density gradient centrifugation using Ficoll.
A simpler way to deal with the vacuole in vivo is by selective permeabilization of the plasma membrane. Since the vacuole occupies most of the volume of fungal cells, the permeabilized cell can be viewed as a vacuolar compartment. Treatment of S. cerevisiae cells with Cu 2þ ions has been found to permeabilize the plasma membrane 4) although the mechanism of action remains unclear. Vacuolar uptake of amino acids and calcium has been examined with these cells in situ without isolating the vacuoles. Cu 2þ -treatment was found to be effective in Neurospora crassa.
5) Nystatin, a polyene antifungal drug, has also used for the selective permeabilization of the plasma membrane in Penicillium cyclopium 6) and S. pombe. 7) Nystatin binds to ergosterol, the principal sterol in fungal membranes, perturbing membrane function to the point of causing leakage, 8) but nystatin treatment was only partially effective in S. cerevisiae.
4)
While a procedure for isolating vacuoles from S. pombe has been described, 9) the method is not trivial. Nystatin has also been used deliberately as a reagent to permeabilize the plasma membrane, 7) but its effect on the vacuolar membrane is not known.
Here, we describe a Cu 2þ -based treatment to permeabilize the plasma membrane of S. pombe. It is simple, inexpensive, and rapid as compared to isolating vacuoles, and it is applicable to S. pombe mutant strains. The method provides a useful system for in situ studies of intracellular compartmentalization of solutes and their active transport across the vacuolar membrane.
Materials and Methods
Strains, media, and materials. S. pombe ARC039 is a wild-type strain (h À leu1-32 ura4-C190T).
10) The Ávma1 mutant (h À leu1-32 ura4-C190T vma1::ura4 þ ) was constructed as described elsewhere.
11)
Cells were grown at 30 C in YE medium (0.5% w/v yeast extract and 3% w/v glucose) or YES medium (YE medium with 225 mg/l adenine, leucine, histidine, lysine, and uracil).
12) Concanamycin A and nystatin were purchased from Wako Pure Chemicals (Osaka, Japan) and SigmaAldrich (St. Louis, MO) respectively, and dissolved in DMSO. L C, 0.5-ml aliquots of the cell suspension were withdrawn and mixed with 3 ml of ice-cold buffer A. The cells were rapidly filtered on cellulose acetate membrane filters (0.45 mm; Advantec, Tokyo), and washed with ice-cold Buffer A. Radioactivity was measured in a liquid scintillation counter with xylene scintillator.
In cell permeabilization analysis, exponentially-growing cells were washed twice with distilled water and resuspended in Buffer A containing 0.5 mM CuCl 2 . After a 20-min incubation at 30 C, the cells were washed with Cu 2þ -free Buffer A and resuspended in the same buffer on ice, then subjected to transport assay. The concanamycin A-treated sample was incubated with 1 mM concanamycin A at 30 C for 30 min prior to measurement.
Determination of amino acid concentration. To prepare whole-cell extracts, 3:0 Â 10 8 S. pombe cells grown in YES medium were washed 3 times with Buffer A, suspended in 0.5 ml of distilled water, and boiled for 15 min. The suspension was centrifuged for 3 min at 25;000 Â g, and the supernatant was collected. Cu 2þ treatments, S. pombe cells were incubated in Buffer A, containing 0.5 mM CuC1 2 , for 30 min at 30 C, and then subjected to the same preparation procedures. These extracts were analyzed with an amino acid analyzer (Hitachi L-8500A).
Results and Discussion
Efflux of metabolites was stimulated by Cu 2þ ion Selective permeabilization of the fungal plasma membrane without damaging the vacuolar membrane has been reported for S. cerevisiae and N. crassa cells treated with CuCl 2 . Cu 2þ treatment was found to result in significant leakage of low-molecular-weight compounds from the cells. 4) To determine the possible effects of Cu 2þ -induced permeabilization of the S. pombe plasma membrane, leakage of intracellular constituents, including nucleotides, was monitored by measuring OD 260 . Upon incubation with 0.5 mM CuCl 2 , the OD 260 of the supernatant increased rapidly, while incubation with MgCl 2 had almost no effect (Fig. 1A) . Lower concentrations of CuCl 2 did not result in an increase (data not shown). Based on these observations, a 20-min treatment with 0.5 mM Cu 2þ was found to permeabilize the S. pombe plasma membrane efficiently.
Because nystatin has been reported to permeabilize the plasma membrane of S. pombe 7) as well as that of Penicillium, 6) we tested nystatin treatment under our experimental conditions (Fig. 1B) . Incubation with !30 mg/ml of nystatin caused a significant increase in OD 260 in the supernatant. Treatment with 10 mg/ml was not effective (Fig. 1B) . It was important to assess potential damage to the vacuole by this treatment, and therefore quinacrine fluorescence was monitored by fluorescence microscopy, because quinacrine is a weakly basic dye which preferentially accumulates in low-pH compartments, such as the vacuole. Quinacrine-derived fluorescence of vacuoles in wild-type cells was lost after 30 min of incubation with 30 mg/ml of nystatin (data not shown), suggesting damage to the vacuolar membrane by nystatin treatment. In addition, S. pombe wild-type cells have been reported to be sensitive to 10 mg/ml of nystatin. 13) Incubation with 0.5 mM Cu 2þ caused an increase in the OD 260 in the supernatant even in the nystatin-tolerant mutants (data not shown), which have defects in ergosterol biosynthesis. 13) Here, we conclude that Cu 2þ -treatment was a preferable, more selective way to permeabilize the plasma membrane of S. pombe without loss of vacuolar function.
In addition, the concentration of sorbitol, an osmotic stabilizer, was found to be crucial in maintaining an intact vacuole. At the outset of this study, we attempted Cu 2þ -treatment in buffer A (2.5 mM potassium phosphate buffer, pH 6.0, and 10 mM glucose) containing 0.6 M sorbitol, because 0.6 M sorbitol had been reported to stabilize vacuoles in S. cerevisiae. 4) However, in buffer A containing 0.6 M sorbitol, Cu 2þ -treated S. pombe cells did not take up arginine (data not shown). We found that Cu 2þ -treated cells took up arginine when the Cu 2þ -treatment was performed in the presence of 1.5 M sorbitol (see below). All the experiments described here were performed in the presence of 1.5 M sorbitol.
Ca
2þ accumulation was induced by Cu 2þ -treatment The vacuole is the major compartment for intracellular Ca 2þ storage in yeast, and it functions to maintain low cytosolic Ca 2þ levels within a narrow range. Vacuolar accumulation of Ca 2þ is mediated by a Ca 2þ -ATPase and a H þ /Ca 2þ antiporter in S. cerevisiae. [14] [15] [16] [17] [18] To determine the effect of Cu 2þ treatment on the permeability of the plasma and vacuolar membranes, Ca 2þ uptake by Cu 2þ -treated cells was examined (Fig. 2) . In intact cells, the plasma membrane acts as a barrier that separates the cytoplasm from the outside environment. There is no active uptake system of Ca 2þ in yeast cells. Therefore, the Ca 2þ permeability of the plasma membrane is ratelimiting for Ca 2þ uptake into the cells. Without Cu 
Cu
2þ Treatment of S. pombetreatment (control), Ca 2þ uptake was limited, certainly because the plasma membrane acts as a barrier, maintaining a low cytosolic concentration of Ca 2þ . When cells were treated with 0.5 mM CuCl 2 , however, a large amount of Ca 2þ was taken up (Fig. 2A) . These data are consistent with Cu 2þ treatment compromising the integrity of the plasma membrane. Cu 2þ -induced Ca 2þ uptake by S. cerevisiae cells has been reported. 4) Because the addition of concanamycin A, a specific and potent inhibitor of V-ATPase, reduced Ca 2þ uptake by 50% over 60 min relative to the control (Fig. 2B) , we assume that some Ca 2þ uptake was mediated by the vacuolar H þ /Ca 2þ antiporter, which is energetically coupled to the activity of the vacuolar V-type H þ ATPase (V-ATPase). Indeed, Halachmi et al. reported that addition of a vacuolar Ca 2þ transport inhibitor reduced Ca 2þ uptake by 36%. 7) This difference in inhibition of Ca 2þ uptake might have been due to differences in inhibitors and procedures for permeabilization. Residual uninhibited Ca 2þ uptake is probably mediated by Ca 2þ -ATPases, some of which are known in S. pombe, Pmr1p, Cta4p, and Pmc1p. [19] [20] [21] [22] One plausible candidate is Pmc1p, because Pmc1-GFP localizes to the vacuolar membrane and a pmc1 mutant exhibits Ca 2þ sensitivity, 19) similarly to V-ATPase mutants.
11) It has been reported the contribution of the vacuole to Ca 2þ sequestering activity was lower than 20%, while the ER and Golgi contributed up to 66-76% in S. pombe. 23) Cta4p is a second candidate. A cta4 null mutant was reported to exhibit Ca 2þ sensitivity and to accumulate more intracellular Ca 2þ , while a Cta4-GFP fusion protein localized to the ER. 21) Although the molecular machinery responsible for Ca 2þ uptake in Cu 2þ -treated cells is unknown, these results suggest that Cu 2þ treatment renders the plasma membrane but not the vacuolar membrane permeable to calcium.
Effect of Cu
2þ on amino acid uptake In S. cerevisiae, vacuoles accumulate 70-90% of the cellular content of basic amino acids, whereas acidic amino acids are largely excluded from this organelle; about 90% localize to the cytosol. 1, [24] [25] [26] This asymmetric distribution is accomplished through the activities of a variety of transporters that function in the vacuolar membrane, including a basic amino acid importer and an exporter of acidic amino acids. [27] [28] [29] The rate of amino acid uptake by intact yeast cells is fundamentally limited by the activities of several amino acid transporters located in the plasma membrane. When the plasma membrane barrier is collapsed by Cu 2þ treatment, the remaining amino acid uptake reflects the activity of the vacuolar transporters. In S. cerevisiae, uptake of arginine was greatly accelerated while uptake of glutamate was completely abolished by Cu 2þ treatment. 4) We examined the effect of Cu 2þ treatment on amino acid uptake by S. pombe cells (Fig. 3) . Arginine uptake increased significantly after addition of CuCl 2 (Fig. 3A) . In contrast, uptake of glutamate decreased about 50% 40 min after addition (Fig. 3B) . This partial leakage of glutamate caused by the addition of CuCl 2 is explainable because, in the case of S. pombe, about 15-20% of glutamate is contained in the vacuoles (see Table 1 ). These observations support the possibility that Cu 2þ permeabilizes the plasma membrane of S. pombe, and suggest that S. pombe incorporated arginine into the vacuoles and that cytoplasmic glutamate leaked out of the cells after the addition of CuCl 2 .
Ohsumi et al. 4) reported that in Cu 2þ -treated cells, cytosolic K þ as well as other low-molecular-weight compounds were rapidly effluxed, but that their vacuolar concentrations remained stable, resulting in the formation of a large concentration gradient of K þ across the vacuolar membrane, thereby causing the formation of a diffusion potential of K þ (inside negative). The addition of KCl to Cu 2þ -treated cells results in a loss of membrane potential, thereby decreasing the activities of the arginine and cation uptake systems in the vacuolar membrane. 4) A similar effect of K þ has been described in Cu 2þ -treated N. crassa.
5) The effect of KCl on arginine uptake by Cu 2þ -treated S. pombe cells was examined (Fig. 3C ). Arginine uptake decreased by about 67% in the presence of 0.1 M KCl, while uptake was unaffected in untreated cells. At higher concentrations of KCl, the decrease in arginine uptake occurred more rapidly and markedly. Thus, KCl-induced efflux of arginine from Cu 2þ -treated S. pombe cells probably results from a loss of vacuolar membrane potential. These results are consistent with the hypothesis that transport of amino acids into fungal vacuoles is coupled to an energetically favorable efflux of K þ . The above results suggest that the vacuolar compartment of Cu 2þ -treated S. pombe cells is intact and retains its expected functionality with respect to transport. 
Determination of vacuolar amino acid pools of S. pombe
Using the Cu 2þ -treatment method of differentially extracting vacuolar and cytosolic amino acid pools from S. cerevisiae cells, the amino acid compositions of the two pools were determined. 25) In order to determine whether Cu 2þ -treatment can be applied to differential extraction of the vacuolar amino acid pool from S. pombe, the amino acid compositions of Cu 2þ -treated and untreated cells were determined (Table 1 and Fig. 4) . In S. pombe wild-type cells cultured in nutrient-rich medium, glutamate, glutamine, alanine, valine, and three basic amino acids were the major species found in whole cells, in rough agreement with data from a synchronous culture. 30, 31) Similar results were observed in several S. cerevisiae strains grown in rich media (Kakinuma, unpublished data) . The extracts from Cu 2þ -treated S. pombe cells had high amounts of the basic amino acids arginine (107.1% of untreated cells), lysine (87.5%), histidine (90.0%), and also of glutamine (52.4%), but limited amounts of glutamate (16.2%), alanine (11.4%), and valine (18.1%), similarly to the vacuolar amino acid pools in S. cerevisiae. 25, 26) Thus the amino acid composition of Cu 2þ -treated cells can be interpreted as defining the vacuolar amino acid pool. We conclude that Cu 2þ -treatment provides a useful system for in situ studies on vacuolar compartmentalization in S. pombe cells.
In S. cerevisiae, vacuolar amino acid transport systems have been kinetically and genetically characterized, and it has been found that the basic amino acid importer (H þ antiporter) and glutamate exporter (H þ symporter) are energized by the proton electrochemical potential maintained by the V-ATPase. 28, 29, 32, 33) In S. pombe, a contribution of the proton potential (V-ATPase) to vacuolar amino acid transport has been suggested by indirect assay. 34) To clarify the applicability of Cu 2þ -treatment to mutant cells and the role of the V-ATPase in amino acid transport into vacuoles of S. pombe, the vacuolar amino acid pool was determined using Cu 2þ -treated Ávma1 mutant cells lacking catalytic subunit A of V-ATPase (Table 1 and Fig. 4 8 cells in Ávma1 cells). The decrease in basic amino acids, arginine (about 1.2% of untreated wild-type cells), lysine (3.6%), and histidine (4.1%) was significant, while the decrease in glutamine (37.7%) was moderate, indicating that loss of these amino acids can account for the decrease in the total amino acid pool. In contrast, the glutamate pool was larger, while that of the neutral amino acids, including alanine and leucine, was about the same. The amino acid composition of the Cu 2þ -treated Ávma1 cells also indicated that the effect of the Ávma1 mutation on distribution between the cytosol and the vacuoles was negligible. The amount of glutamate was slightly higher in the vacuoles (from 16.19% to 22.22%). A limited amount of basic amino acids was retained in the vacuoles of the Cu 2þ -treated Ávma1 cells. Loss of V-ATPase activity thus affected the total amount of amino acids, but not that of the vacuolar pool alone.
It is interesting that the vacuolar glutamate pool was retained in the control cells (16% of the total) as well as in the Ávma1 cells (22% of the total) although the vacuolar glutamate pool in S. cerevisiae is much smaller. 25, 26) It appears likely that some difference in the vacuolar compartmentalization of glutamate exists between S. pombe and S. cerevisiae.
Vacuolar accumulation of basic amino acids is attributed mainly to specific transporters driven by the proton potential. 32, 33) The lack of V-ATPase results in a reduced driving force and stops active transport, consistently with the observed deficiency in basic amino acids in Ávma1 cells, but this might not be the explanation. If the amino acid metabolism, vacuolar integrity, and function of both vacuolar and plasma membrane transporters were normal in Ávma1 cells, at least a small pool of basic amino acids should have been detected, because these amino acids are distributed among the cytosol and vacuoles.
The V-ATPase mutation has pleiotropic effects, and V-ATPase activity is involved in various cellular processes, including protein sorting and membrane fusion. 11, [35] [36] [37] It remains to be determined whether these differences in amino acid pools in the vma1Á mutant are solely dependent on a loss of proton motive force.
In conclusion, incubation with 0.5 mM CuCl 2 at 30 C for 20 min was observed to permeabilize the plasma membrane of S. pombe without loss of vacuolar function and is therefore applicable in assay of transport across the vacuolar membrane and to differential extraction of ion and metabolite pools in S. pombe. Amino acid composition is summarized in Table 1 . The concentrations of glutamate, glutamine, alanine, leucine, lysine, histidine, and arginine in wild-type untreated (total, open bar), wild-type Cu 2þ -treated cells (vacuole, shaded bar), Ávma1 mutant untreated (total, solid bar), and Ávma1 mutant Cu 2þ -treated cells (vacuole, hatched bar) are shown.
